Lowland waters in Northern Ireland experience elevated agricultural phosphorus (P) inputs, and in response a variety of control measures targeting farm nutrient management have been implemented. Their efficacy in lowering nitrogen (N) and P exports and improving water quality is examined in 40 headwater streams from 1990 to 2009, and to 2014 for 24 of these. Over this period manure production in the study catchments declined by 7%, but regional chemical fertilizer inputs declined by 37% for N and 79% for P, and the regional nutrient surplus was lowered by 18% for N and 49% for P. Diminished pollution by organic wastes meant that 85% of streams exhibited chemistry suitable for salmonids in 2009 compared to 40% in 1990. Flow-weighted mean concentrations (FWMCs) of nutrients declined between 1990 and 2009, and their correlations with catchment stocking rates became stronger over time. For catchments with manure inputs <16.6 kg P ha -1 , total P and nitrate FWMCs declined from 123 ± 19 mg P L -1 and 1.92 ± 0.5 mg N L -1 in 1990 at rates of 2.2 ± 0.5 and 30 ± 10 mg L -1 yr -1 , respectively. For catchments with higher manure inputs the respective rates of decline were greater at 5.8 ± 1.0 mg P L -1 yr -1 and 160 ± 20 mg N L -1 yr -1 from 1990 concentrations of 270 ± 25 mg P L -1 and 5.99 ± 0.4 mg N L -1 . Although now lower, P concentrations in the more highly stocked catchments still exceed regional nutrient standards so that the identification of further factors impinging on nutrient losses is critical if such standards are to be achieved.
U rban point-source pollution controls can yield rapid water quality improvements in rivers, but evidence for similar benefits for controlling diffuse pollution is more elusive (Langford et al., 2009; Jarvie et al., 2013) . If, as argued by Jarvie et al. (2013) , this is an 'inconvenient truth' it may reflect that measures have been targeted inaccurately, implemented at insufficient scale, or that legacy effects of high farm nutrient surpluses are obscuring evidence for their effectiveness (Meals et al., 2010; Sharpley et al., 2013) . These factors suggest limitations in the evidence base and uncertainties surrounding the extrapolation of plot and field scale studies (Hewett et al., 2009; Tetzlaff et al., 2010) . However few studies have quantified the impact of agricultural stewardship measures at regional scales (Meals, 1996; Kay et al., 2009) .
Without evidence of successful water quality responses to mitigation stakeholders are unlikely to continue their participation or accept additional measures. Furthermore, judging success in terms of improving the ecological status of water bodies but without establishing definitive links between nutrients and lotic ecology questions whether efforts to meet nutrient targets will be outweighed by their costs, and indeed whether ecological 'natural' goals based on structural metrics can be more than fantasy (Bishop et al., 2009; Page et al., 2012) . The goals of mitigation are seldom stated explicitly in diffuse pollution studies beyond reversing eutrophication, for which the emphasis remains centered on controls of sources and export of contaminants.
In response to the regional problem of farm pollution in Northern Ireland, highlighted by Foy and Kirk (1995) , and the identification of diffuse source phosphorus (P) as the dominant contributor to lake eutrophication in this region (Foy and Lennox, 2006) a range of policy measures detailed in Table 1 have been adopted over the last two decades, the most recent of which have aimed to lower diffuse losses of N and P. The aim of this paper is to assess their effectiveness in improving water quality and lowering nutrient export using a network of agricultural headwaters.
Materials and Methods

Study Sites
The study network covers 40 headwater tributaries divided equally between the Upper Bann and Colebrooke rivers and was established in 1990 to examine water quality responses to capital spending on new farm infrastructure (Fig. 1; Foy and Kirk, 1995) . Most streams drain small subcatchments (3-15 km 2 ) and collectively they are representative of the climate, soils, and land use of Northern Ireland (Table 2; Foy et al., 2001) . Annual rainfall ranges from ~800 mm in the lowlands of the Upper Bann to ~1200 mm in lowland areas of the Colebrooke, but can exceed 1600 mm in upland areas. On average, 20% of the annual runoff in each river occurs in summer between May and September inclusive, and there was no consistent trend of increasing or decreasing flows from 1990 to 2014 ( Supplemental Table S1 ; Supplemental Fig. S1 ).
Under European Union (EU) Directive 75/268EEC the Colebrooke catchment was designated as a Less Favored Area (LFA) for agricultural production, of which 75% was classed as a Severely Disadvantaged Area (SDA) leaving 25% as Disadvantaged Area (DA). These designations reflect the poor agricultural quality of soils in the catchment and farming is centered on grass-based beef production. At higher elevation there are large tracts of moorland and coniferous forestry ( Fig.  1; Table 2 ). In the Upper Bann non-LFA land accounts for 50% of the catchment and contains areas of intensive grassland which support dairy production. The remainder is divided between DA land with a further transition to sheep farming in the SDA uplands.
Sampling and Laboratory Analyses
In the Upper Bann catchment, grab samples were taken twice monthly covering 1990, 1996-1998 inclusive, and 2009 (24 samples per site per year) . In the Colebrooke catchment, the years 1999 and 2006 were also sampled. As pollution in 1990 was primarily a summer occurrence, sampling was restricted to May through September from 1991 to 1995 in both catchments. After 2009 the number of sites in each river basin was reduced by half, and sampling continued at twice-monthly frequency covering the 2010 to 2014 hydrologic years (October-September). These sites retained the agricultural land use gradient encompassed by the full network ( Fig. 1) .
Dissolved oxygen (DO) and temperature were measured in situ (YSI, Ohio). Grab samples were stored in the dark and 0.45-mm filtered for soluble fractions on return to the laboratory. Nutrient concentrations were determined by standard methods as follows. Total P (TP), total soluble P (TSP), and soluble table 1. Measures and schemes to lower agricultural impacts on water quality in Northern ireland 1989 to 2009.
Date
Action Detail comments [1989] [1990] [1991] [1992] [1993] [1994] Capital Grants available to farmers Financial support for waste management facilities on farms to address point-source pollution Audit Report noted that recipients of grants were still causing pollution (NIAO, 1997)
1989-2007
Gradual adoption of wilted silage Non-statutory. Reduced silage effluent volumes and pollution hazard.
Effluent volumes found to be good predictor of lower silage pollution incidences 1987-1995 (Lennox et al., 1998 (Lennox et al., ) 1994 Control of Pollution Act (Silage, Slurry and Agricultural Fuel Oil)
Stipulated higher construction standards for new silage and slurry storage facilities.
1994
Maximum fines for farm pollution increased 10-fold increase in maximum fine. No evidence of decrease in manure sourced pollution incidents (Lennox et al., 1998) .
1997
Erne Nutrient Management Scheme Aimed to optimize fertilizer use overall and lower phosphorus fertilizer use by providing nutrient management plans based on soil testing.
Uptake of nutrient management plans on 80% of farms in Colebrooke but based on follow-up little evidence that plans were being followed (Dils et al., 1998 (Dils et al., ). 1999 Responsible Phosphate Management Aimed to increase farmer awareness of the problem of excessive P use and high soil P and adoption of corrective actions.
Judged a failure by 2002 as P fertilizer rates did not fall relative to nitrogen or potash which were in short supply (Anon., 2004 (Anon., ). 2004 Northern Ireland Farm Quality Assurance Scheme
Beef and lamb quality scheme required passing a farm pollution audit and following Code of Good Agricultural Practice.
Members account for >80% of beef and lamb production. reactive P (SRP) were analyzed colorimetrically by acid persulfate digestion and molybdate reaction (Murphy and Riley, 1962; Eisenrich et al., 1975) . Total oxidized N (TON) and nitrite (NO 2 ) were determined colorimetrically by azo-dye formation, with nitrate (NO 3 ) determined by difference (Henriksen and Selmer-Olsen, 1970) . Ammonium (NH 4 ) was determined colorimetrically by the indophenol blue method (Scheiner, 1976) . Five-day biological oxygen demand (BOD 5 ) was measured by standard methods (Golterman et al., 1978) . Particulate P (PP) was calculated as TP − TSP and soluble organic P (SOP) as TSP − SRP. Limits of detection for NH 4 , NO 2 , and TON were 3, 2, and 40 mg N L -1 respectively, with coefficients of variation (CV) within 3%. Limits of detection for SRP, TSP, and TP were 2, 2, and 5 mg P L -1 respectively, with CV within 2.5%. NH 4 was not determined in 1991, and DO was not determined in 2006 for the Colebrooke streams. Chemical water quality (CWQ) assessment follows Environment Agency (England and Wales) criteria, where an annual metric is based on percentiles of DO saturation, NH 4 concentration and BOD 5 (Supplemental Table S2 ). The default CWQ class is the lowest class found for these metrics. The six CWQ classes can be aggregated to three Fisheries Ecosystem Classes (FECs) where FECs 1 and 2 can support salmonids, FECs 3 and 4 can support cyprinids, and the remaining classes are unsuitable for fishes, which may be sporadically present at FEC 5 but are absent from FEC 6 waters. Since organic pollution was predominantly a summer occurrence, percentiles for each site were computed for May to September inclusive of each year. Annual intensities of nutrient export are assessed as Flow-Weighted Mean Concentrations (FWMCs; åC i Q i /åQ i ), calculated according to 'Method 5' of Walling and Webb (1985) , also described as the first-choice Paris Commission algorithm (PARCOM, 1992) , as set out in Eq. [1].
where K is a conversion factor allowing for the period of sampling, C i is the concentration of the sample, Q i is the discharge on the day of sampling, and Q r is the mean discharge for the period. Mean daily river flows recorded at downstream gauging stations in each river basin were used as Q i .
Land Use and Farming Intensity
Given that arable cropping was a small component of land use, manure production was used as the metric of land use intensity (LUI) and was calculated for each subcatchment from the annual farm census returns of 1990 , 2008 for Northern Ireland (DARD, 2015 . The census records livestock numbers and land use and returns are geo-referenced to individual farm businesses, usually the farmer's home, which can be allocated to specific subcatchments. Livestock categories were normalized according to their annual manure P and N production using the weightings given by Anon (2007) , and can be expressed as Dairy Cow Equivalents (DCE), which represent 16.6 kg P yr -1 and 91 kg N yr -1 . The total manure output on all farms in a subcatchment was divided by the census area of these farms which gave an intensity of manure production. This LUI was then used as representative for the agricultural land in each subcatchment as identified by CORINE land imagery and normalized against the entire subcatchment area (CORINE land cover 2000; Büttner et al., 2004) .
The farm census does not record fertilizer use, but annual chemical N and P fertilizer usage and animal feed consumption statistics are reported for Northern Ireland (e.g., DARD, 2009 ). These statistics were used to calculate average rates of fertilizer use from 1990 to 2008, and N and P budgets for Northern Ireland for 1990 and 2008. These are constructed as the sum of external inputs of chemical fertilizers and imported animal feeds, less nutrients exported from farms as agricultural product (Foy et al., 2002) . Exports and inputs of manure to and from Northern Ireland are considered to be negligible. This 'black box' or 'farm gate' approach contrasts with the soil surface model where the balance is the difference between inputs of fertilizers and manures, less outputs as forage and crops (Oenema et al., 2003) . Both approaches should give the same answer, but given the difficulty in directly measuring the grass and forage consumed by livestock (often assessed from estimates of the energy requirements of livestock, based on milk production for example, minus the energy contained in imported feeds), the black box model is more robust in the ruminant dominated context of Northern Ireland. Small changes were made to the coefficients used in the budget compared to Foy et al. (2002) : the protein content of imported feeds was increased from 14 to 17.5% (N content of 2.8%), and allowance was made for reduction in the P content of imported feed (0.59% in 2006 and 0.51% in 2008). The budget components were normalized to annual estimates of the agricultural land area of Northern Ireland.
Statistical Analyses
Time series of nutrient concentration data are presented as percentiles for each sampling date in each network. These are derived for the reduced network of sites monitored post 2009 (50% reduction in sites) covering the period 1990 to 2014, and for the full network of sites covering the period 1990 to 2009 for comparison.
Pairwise comparisons of annual FWMCs between years for each river basin are conducted up to 2009 when the full network of sites was monitored. Shapiro-Wilk tests against the assumption of normality indicated significant differences for 28 of 42 nutrient-years in the Colebrooke, and 16 of 30 nutrient-years in the Upper Bann. Log transformation left only four nutrientyears within the Colebrooke network significant. Levene's test was used to establish equal variances of log transformed FWMCs between years; the null hypothesis of equal variances was rejected for NH 4 in the Upper Bann. Due to these departures from the assumptions required for parametric analyses both parametric and non-parametric tests for pairwise differences between years are used. A general linear model in repeated measures format (log-transformed FWMCs as response, and year and site as factors) is used as the parametric omnibus test for differences between years with post hoc paired t-tests. Freidman tests are used as the non-parametric omnibus test with post hoc Wilcoxon signed-rank tests. Significance levels for post hoc tests are adjusted for multiple comparisons using the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995) .
Linear mixed effect models fit by restricted maximum likelihood are used to asses changes in nutrient FWMCs as a function of time, with time in years (1990 = t 0 , 2009 = t 19 ) and annual runoff (mm yr -1 ) as fixed effects and site as a random effect. Models with sites grouped into one, two, and three levels according to their average livestock manure loading rate (mean of 1990, 1998, 2008 ) are compared using likelihood ratio tests (Zuur et al., 2009 ). The two level division uses site categories of 0-1 and >1 DCE ha -1 yr -1 , and the three level division has site categories of 0-0.6, 0.6-1.2 and >1.2 DCE ha -1 yr -1 .
Changes in nutrients as a function of catchment livestock manure loading rate over time are examined by ANCOVA for catchment FWMCs on two portions of the dataset. The first uses data from the full network of sites (n = 48) and contrasts the 2009 relationships against those derived for 1996 to 1998 data as functions of 1998 farm census data; the second uses data for the reduced network of sites monitored post 2009 only (n = 24), and compares relationships derived for the periods 1996 to 1998 and 2009 to 2014.
Statistical analyses were conducted in R version 3.2.1 (R Core Team, 2015) using the base, 'multcomp' , 'car' , 'lme4' , and 'lmerTest' packages (Hothorn et al., 2008; Fox and Weisberg, 2011; Bates et al., 2015; Kuznetsova et al., 2015) .
Results and Discussion
In both catchments, cattle have been the dominant livestock category, accounting for 69 and 90% of manure P loading in the Upper Bann and Colebrooke, respectively, in 2008 (Table 2) . Between 1990 and 2008, manure P decreased by ~7% in each catchment largely due to lower sheep, pig, and poultry numbers as cattle rates were within 4%. This reduction is close to the 9% reduction in manure P for agriculture in Northern Ireland over the same period (Table 3) . For individual subcatchments with manure P greater than 20 kg ha -1 yr -1 there was appreciable variability between years so that manure rates did not change systematically (Fig. 2) .
Between 1990 and 2008 fertilizer use in Northern Ireland declined by 37% for N and 79% for P while nutrient additions to the land, the sum of manure and chemical fertilizer, declined by 23% for N and 34% for P ( Fig. 3 ). Most of these decreases occurred after 2004 (Fig. 3) . The dichotomy between quite stable quantities of manure produced and higher nutrient off-takes but lower fertilizer inputs can be partly explained by increased inputs of imported feedstuffs which rose by 88% between 1990 and 2008. In 2008 nutrients in feedstuffs accounted for 46% of total N inputs and 81% of total P inputs, compared with 22 and 36%, respectively, in 1990 (Table 3 ). The input-output farm-P surplus remained positive throughout the study but was 49% lower in 2008 than in 1990. Again this reduction occurred mostly after 2003, when the P surplus of 17.7 kg P ha -1 was similar to that in 1990, and so coincided with the phased implementation of the Nitrates Directive (Table 1) .
Chemical Water Quality
During the early 1990s CWQ was consistent with widespread and serious point-source pollution by farm organic wastes particularly in the more highly stocked Upper Bann subcatchments ( Fig. 4) . Throughout the study BOD dictated the default FEC in each catchment. In 1990, 46 and 13% of subcatchments in the Upper Bann and Colebrooke, respectively, fell into FECs 5 and 6, unsuitable for fish. As discussed by Foy et al. (2001) , the prevalence of silage and manure pollution was not unusual for regions of the United Kingdom with high rainfall and grass based livestock production while other authors had highlighted the failure to control it effectively (Lowe and Ward, 1997; Bloxham, 1999) . In the Colebrooke the percentage of sites in FECs 1 and 2 increased from 70 to 91% between 1990 and 1999, and from 21 to 44% in the Upper Bann (Fig. 4) . As no consistent improvement in CWQ occurred before 1996 this improvement by the late 1990s represented a rapid and widespread reduction of organic point-source pollution. Further improvements were apparent by 2009 with 91 and 79% of sites in FECs 1 and 2 in the Colebrooke and Upper Bann, respectively. There were no longer any sites at FECs 5 and 6 in 2009, and the reduced network of sites monitored to 2014 showed that the levels of CWQ observed in 2009 represented a consistent change.
Nutrients
The impact of silage effluent pollution was evident in the Upper Bann as high 75th-percentile concentrations of NH 4 , SRP, and TP during the summer of 1990 (Fig. 5, 1990 (Fig. 5, -2014 Supplemental Fig. also occurred in winter. This seasonality was still apparent over the period 2009 to 2014 in both river basins but the disparity between winter and summer concentrations was clearly less relative to the 1990s. These declines therefore followed the pronounced fall in nitrogen fertilizer use after 2003 (Fig. 3) . The timeseries of nutrient concentration percentiles for each catchment indicate little change in the years beyond 2009 which includes both high and low runoff years (Supplemental Fig. S1 ). This provides justification that pairwise comparisons of annual nutrient FWMCs for the 1990s against 2009 can be used to were PP and SOP in the Colebrooke. No declines of TP, SRP, or PP were observed for any of the six inter-annual comparisons for the 1990s in the Upper Bann (Table 4 ). Summer TP and SRP concentrations declined in these catchments between 1990 and 1998; however these declines had limited impact on annual FWMCs as summer flows are low, and on average only 21% annual runoff occurs from May to September (Fig. 5 ; Table  4 ; Supplemental Fig. S2a ; Supplemental Table S1 ).
There was no consistent pattern of declining SOP and PP FWMCs for the Colebrooke catchment between the 1990s and 2009. For TP the years 1999, 2006, and 2009 exhibited FWMCs significantly lower than all previous years except 1996, but with no significant difference between the years 1999 . SRP FWMCs in 2009 were also significantly lower than all monitored years in the 1990s except 1996 to the extent that the decreases in TP FWMCs observed in 2009 were largely driven by declining SRP. In contrast the decline in TP in the Upper Bann reflected approximately equal declines in PP and SRP, and to a lesser extent SOP (Tables 4 and 5 ). For the Upper Bann FWMCs of SRP in 2009 were lower than in any preceding sampling year but there is no evidence for a decrease from 1990 to 1998. In this decade diffuse SRP loads have been shown to have been increasing in the Lough Neagh catchment (of which the Upper Bann is a significant subcatchment; Fig. 1 ) so that absence of any significant change is consistent with this larger scale (Foy and Lennox, 2006) . In contrast the preponderance of declines in 2009 and the consistent timeseries concentrations beyond 2009 suggest a real and significant decline in SRP export compared to the 1990s. Although the decline in organic pollution from silage effluent largely took place in the 1990s, the nature of this pollution in June and July when flows are low can be caused by quite modest quantities of effluent and P to the streams.
In assessing changes in P loss from headwater catchments Bieroza et al. (2014) argued that discrete sampling programs would be able to detect long term trends (>10 yr), a point also made forcibly by Burt et al. (2011) , but that identification of significant shorter term changes would require the deployment of continuous monitors of stream P concentrations. For three small head water streams in Ireland continuously monitored for two years, loads of TP based on simulated discrete sub-sampling of the continuous record and calculated by 'Method 5' used in this study, showed that annual loads of the discrete sampling scheme were underestimated by 5 to 29% (Cassidy and Jordan, 2011) . Ulén et al. (2015) found that the 40% higher TP loads from continuous monitoring versus discrete sampling of a small agricultural catchment in southern Sweden was largely due a higher PP loading. Similarly a comparison of continuous and simulated discrete sampling records from a small agricultural catchment in Scotland found that the errors of TP load estimation by 'Method 5' were largely associated with PP so that deviations of SRP loads were smaller ranging from −10 to 18% (Defew et al., 2013) . Such differences presumably reflect differing source and mechanisms of loss for particulate and soluble P fractions, and that shortlived surface runoff events are required to mobilize the former (e.g., Dupas et al., 2015; Mellander et al., 2015) .
Appreciable and consistent declines in NO 3 concentrations over time in the Upper Bann ensured that differences between years were highly significant and in no case was there an instance of FWMCs increasing over two paired years (Table 4 ). In the Colebrooke consistent declines in nitrate FWMCs did not occur during the 1990s but FWMCs in 2009 and 2006 were significantly lower compared with the 1990s. Nitrate export at the plot and catchment scale in Northern Ireland varies with N fertilizer use, but the largest source of inter-annual variation is associated with climate as low preceding summer rainfall is followed by high NO 3 export in the following winter (Stronge et al., 1997; Watson et al., 2000) . In terms of the years covered by the current study, 1989 and 1995 were marked by dry summers table 4. Matrices of significance and direction of change in annual total P (tP, mg l −1 ), soluble reactive P (SrP, mg l −1 ), soluble organic P (SOP, mg l −1 ), particulate P (PP, mg l −1 ), NO 3 (mg N l −1 ), and NH 4 (mg N l −1 ) fWMcs for the upper Bann subcatchment network as assessed by parametric and nonparametric approaches. for each nutrient-year comparison the first and second values given (first/second) are the parametric and non-parametric test results, respectively. if either test is significant, the mean concentration difference between the years is given in parentheses. Table S1 ) so that export in the subsequent years was dependent on the previous summer precipitation, yet NO 3 FWMCs in 2009 were generally lower than all years in the 1990s, whether or not preceded dry climatic conditions (Tables  4 and 5) .
Ammonium losses from grazed grassland are considerably lower than those of NO 3 and have not been shown to be related to the use of chemical fertilizers (Watson et al., 2000) . The higher ratios of NH 4 to NO 3, especially during summer in the 1990s, point to the effect of direct pollution in drainage or runoff following manure applications to land ( Fig. 5 and 6 ). In the Upper Bann declines in NH 4 FWMCs have been commonplace since the late 1990s and are consistent with the improvement in water quality in both catchments (Fig. 4) . The lower incidence of pollution in the Colebrooke is a likely factor in the lower magnitude of declines observed in NH 4 FWMCs over time by comparison to the Upper Bann, although FWMCs were significantly lower in 2006 and 2009 compared to 1990.
Land Use Intensity and Nutrient Export
Positive relationships between subcatchment nutrient FWMCs and subcatchment manure livestock rates for 1990, 1998, and 2009 indicate that the most pronounced declines in subcatchment FWMC occurred in the most highly stocked subcatchments (Fig. 7) . Intuitively the potential improvements in farm nutrient management occurring in response to measures at subcatchment scales, and manifest as water quality responses, would be expected to be most pronounced for catchments operating high LUI, given that measures were approximately equally effective on all farms.
Linear mixed effects models for nutrient FWMCs as a function of time for sites categorized according to their LUI (single category: no partition; two categories: 0-1 and >1 DCE ha -1 yr -1 ; three categories: 0-0.6, 0.6-1.2, and >1.2 DCE ha -1 yr -1 ) are given in Table 6 . For all P fractions and NH 4 the addition of a runoff term to the single slope models (no partition by LUI) did not significantly improve model performance (Table 6) , while for NO 3 negative runoff terms were significant in all models. The two and three LUI level models confirm that intercepts were greater, and slope coefficients more negative with increasing catchment LUI. Although the three level LUI models (0-0.6, 0.6-1.2, and >1.2 DCE ha -1 yr -1 ) performed significantly better than the two LUI category models (0-1 and >1 DCE ha -1 yr -1 ) for all nutrient fractions except PP, the slopes and intercepts for each category were only consistently significantly different from one another in the two level LUI models (Table 6 ). In the three LUI level models the slopes and intercepts for the high (>1.2 DCE ha -1 ) and low LUI (<0.6 DCE ha -1 ) categories were significantly different for all nutrient fractions, but coefficients for the moderate LUI category (0.6 < x < 1.2 DCE ha -1 ) were not consistently significantly different from those for the high or low LUI categories (Table 6 ). The two level models indicate that the mean rates of N and P concentration decline for sites with LUI table 5. Matrices of significance and direction of change in annual total P (tP, mg P l −1 ), soluble reactive P (SrP, mg l −1 ), soluble organic P (SOP, mg l −1 ), particulate P (PP, mg l −1 ), NO 3 (mg N l −1 ), and NH 4 (mg N l −1 ) fWMcs for the colebrooke subcatchment network as assessed by parametric and nonparametric approaches. for each nutrient-year comparison the first and second values given (first/second) are the parametric and non-parametric test results, respectively. if either test is significant, the mean concentration difference between the years is given in parentheses. >1 DCE ha -1 yr -1 were at least twice as great compared to those with LUI <1 DCE ha -1 yr -1 (Table 6 ). The positive relations between nutrient FWMCs and LUI (Fig. 6) indicate declining FWMCs as a function of manure livestocking over time. These relationships are assessed further using linearized regression equations of nutrient FWMCs (Table 7) . The regressions for both the full site network and the reduced site network show no significant difference in intercepts for all P fractions and NH 4 between the periods, but a significant decline in the intercept for NO 3 . This implies a universal lowering of NO 3 FWMCs across the gradient of LUI and presumably reflects the tight and rapid linkage between N fertilizer application rate and losses to water. For NH 4 no significant differences were detected in either slope or intercept between the periods for either the full or reduced site networks. The bulk of the reduction in stream NH 4 concentrations had been achieved by the end of the 1990s (Fig. 4, 5, and 6 ), and these declines were largely restricted to the Upper Bann where the organic pollution pressure in the early 1990s was greater compared to the Colebrooke. There were no significant declines observed in NH 4 FWMCs beyond 1998 in the Upper Bann (Table 4) , whereas significant declines in NH 4 in the Colebrooke catchment were only apparent in 2006 and 2009 relative to the 1990s (Table 5 ). There were significant declines in slope for nearly all P fractions for the regressions based on both the full and reduced site networks. The exception was SRP for the full network analysis although the slopes here were significantly different at the 10% level. Although not presented, LUI did not offer better predictions of winter or summer time-weighted nutrient concentrations in 2009 compared to annual FWMCs.
Responses to Regional Measures
The lower concentrations of nutrients in streams observed after 2008 ( Fig. 4 , 5, 6; Table 6 ) justifies optimism that measures to lower P introduced within Northern Ireland have worked to a measurable degree. These measures have focused mainly on manure management but their joint implementation with multiple initiatives over a short timescale means it is not possible to assess the effectiveness of specific measures. However lower rates of fertilization combined with stable farm outputs (Table 3) indicate fundamental improvements to nutrient use efficiency. Evidence of a consistent diminution of P losses only after 1999 suggests that the SRP response has been of recent origin, which is supported by the recent declines in P and N inputs ( Fig. 3 ; Table 3 ). During the 1990s efforts to lower P losses were broadly ineffectual and there were minimal changes in both nutrient efficiencies and farm surpluses (Table 3) . Measures adopted since 2004 ensured compliance with the Nitrates Directive, which is mandatory for member states within the European Union with a freshwater eutrophication problem. A further factor in improved water quality may be the environmental cross compliance requirements that are linked to the EU single farm payment (SFP) scheme, operational since 2005. Failure to meet cross compliance triggers potentially large reductions in the SFP and where farm pollution leads to a successful court prosecution, SFP penalties are triggered in addition to imposed fines and/or remedial costs. Crucially SFP penalties can be an order of magnitude greater than previous penalties imposed by courts. If new penalties represented a stick which encouraged change, a carrot was the Farm Nutrient Management Scheme that provided grants for constructing slurry tanks to ensure a mandatory minimum storage capacity of 5 to 6 months (Table 1) . While its benefit for P loss may appear obscure, a long storage capacity offers a key tool to farms in choosing when and where to spread manure, as opposed to the previous situation when the decision to spread was governed by how full the tank was, and then by the availability of a sufficiently dry field that allowed access to a tractor and slurry tanker. Although the Nitrates Directive Action Plan of new measures legislation and the Phosphorus Regulations only became operational after 2007 (Table 1) , these were extensively consulted on with farming organizations in 2004 so that the case against business-as-usual for nutrient management on farms was likely becoming apparent over the prior four to five years.
The European Context
Establishing standards for Nitrates Directive Action Plans has been an ongoing process but as Northern Ireland was slow to adopt the Nitrates Directive (Turner, 2006) it has been required to follow standards set by the early adopters of prescriptive nutrient management under the Nitrates Directive, with associated manure limits and controls and/or closed periods for manure and fertilizer applications. The Netherlands passed its first manure law in 1986 and since then its agriculture has operated at progressively lower P and N surpluses (Rozemeijer et al., 2014) . Between 1990 and 2011 significant downward trends of total N were identified in 76% of 87 headwater agricultural streams with no increases observed. For TP, downward trends occurred in 52% of streams with 13% increasing, and the median decrease was approximately 2 mg P L -1 yr -1 (Rozemeijer et al., 2014) . In the Netherlands as in Northern Ireland and Finland (Uusitalo et al., 2007) , farming outputs have not declined as a result of increasingly strict environmental rules and lowered P balances. In Sweden observations of declining P concentrations in agricultural streams and rivers over a 20-yr period greatly out-numbered observations of increases (Ulén and Fölster, 2007; al., 2012). These declines were more consistent in southeastern Sweden and are thought to reflect a greater emphasis on lowering diffuse P in that region which has moved into a negative P balance (Fölster et al., 2012; Bergström et al., 2015) . Agricultural P use in other Nordic countries has declined but the evidence for similar positive responses at regional scales in Denmark, Finland, and Norway is less convincing (Heckrath et al., 2008; Kronvang et al., 2005; Ekholm et al., 2007; Bechmann et al., 2008) . Nevertheless at a smaller scale where improvements tend to be more readily manifest, Bechmann and Stålnacke (2005) found a significant decline in TP over 16 yr from a small grassland dairy catchment in Norway where manure spreading in winter was restricted.
Europe-US Policy and Assessment Contrasts
To control eutrophication the United States has tended not to follow the EU approach of prescriptive regulation of nutrient management imposed by the Nitrates Directive, and many authors highlight a reliance on persuasion incentivised by cost sharing (e.g., Williams et al., 2011; Sharpley et al., 2012) . The US evidence base does offer case studies of successes in lowering diffuse P losses to water over short time scales. In the Mississippi Delta, row cropping and structural BMPs within the 9 km 2 catchment of a shallow lake resulted in near contemporary decreases in lake TP of >50% (Locke et al., 2008; Lizotte et al., 2012) . Implementation of BMPs in a mini-catchment (1.6 km 2 ) centered on a dairy farm within the watershed of Cannonsville Reservoir in New York State also resulted in near contemporary reductions of dissolved P export of 43% and PP export of 29% (Bishop et al., 2005) . Here P sources were comparable to Northern Ireland and point sources related to manures were specifically targeted including the construction of new manure storage facilities. Rapid responses of TP losses to manure BMPs are also documented by Makarewicz et al. (2009) using a series of small catchments draining into Lake Conesus (New York State).
Evidence of success at larger spatial scales comes from the Florida Everglades agricultural area where, ten years after implementing BMPs, TP losses exceeded a 46% target reduction (Daroub et al., 2009) . This reduction occurred when the application of BMPs was mandatory so ensuring 100% compliance (Daroub et al., 2011) . The successes documented by Bishop et al. (2005) and Lizotte et al. (2012) were in small watersheds and part of the Conservation Effects Assessment Project whose aim was to evaluate BMPs across thirteen large watersheds (Tomer et al., 2014) . Here the implementation rate was high and farm advisors and researchers had a detailed knowledge of P sources and input to the selection of appropriate BMPs (Osmond et al., 2012) . This was also the case in the Lake Conesus watershed (Makarewicz et al., 2009 ).
Future Prospects and Legacy Phosphorus
Although this paper has documented a reduction in P losses within Northern Ireland there remain many uncertainties regarding the effectiveness of BMPs adopted, the long term prospects for lowering P losses, and the achievement of prescribed environmental standards for nutrients. The FWMC-LUI relationships for 2009 still display an appreciable scatter at higher stocking rates so that factors other than LUI clearly affect nutrient export intensity (Fig. 7) . Given that both high and low nutrient concentrations (75-200 mg SRP L -1 , 1-4 mg NO 3 -N L -1 ) were observed at LUI above 25 kg P ha -1 yr -1 highlights that identifying the factors impinging on nutrient losses at what are relatively typical stocking rates for intensively farmed catchments, including those from rural waste water systems (Withers et al., 2014) , is critical for the formulation of realistic expectations for nutrient controls.
To what extent contemporary nutrient fluxes reflect contemporary farming practices, or the legacy effects of high soil P is uncertain. There are significant relationships between soil P and fluvial P exports, and the build-up of agronomic soil P values in Northern Ireland has been implicated in a long term increase in diffuse SRP losses to Lough Neagh (Sharpley et al., 1996; Vadas et al., 2005; Foy and Lennox, 2006) . Although yet to be tested empirically, the positive relations between LUI and nutrient export here may partially reflect a positive but indirect relationship between LUI, via the impact of historical subcatchment P surplus on soil P, and so P export intensity. In Northern Ireland the farm P surplus between 1960 and 2000 was high (15-20 kg P ha -1 yr -1 ), and although reduced after 2000 it has remained in surplus so that soil P was likely increasing in the study catchments post 2000, albeit at slower rate than previously. In this situation it can be argued that as there remains an underlying increase of soil P the decreased losses of P to water observed have arisen from improved manure and effluent management. However the impact of these improvements in the future may be negated by steadily increasing losses associated with a continued build-up of soil P. In this scenario it should be noted that in Northern Ireland, as in the other case studies cited, it is predominantly the control of what have been termed incidental P losses associated with manures and effluents that has produced beneficial responses in the short term. In situations where the incidental losses were initially high then it is perhaps not surprising that curtailing them has produced benefits, even if soil P exerts significant and continuing negative impacts on P losses. Thus a continued build-up of legacy soil P appears to offer a long term threat to the effectiveness of current BMPs associated with manures, rather than delaying or masking their impact on P losses. More optimistically, there is evidence that high agronomic values of soil P can decline rapidly when high P surpluses are eliminated, but not reversed to deficits (Power et al., 2005) . Indeed over the first 3 yr of the Nitrates Directive in the Republic of Ireland the area of fields on intensive grassland farms with excessive soil test P fell by 25% despite continued small P surpluses (Murphy et al., 2015) . These observations are also consistent with the hypotheses of Schoumans and Chardon (2015) that the degree of P saturation, a key predictor of water soluble P, can fall remarkably fast in high P soils when historic high P inputs are curtailed.
The application of controls on nutrients is to achieve concentrations that will reverse eutrophication and lower its associated biological impacts. By this standard reductions in nutrient losses may be judged a failure if the required biological improvement is not achieved. Thus while nutrients in agricultural headwaters in the Netherlands have decreased following BMPs a majority did not meet the appropriate environmental standards in 2011 (Rozemeijer et al., 2014) . Evidence to date that the biological quality of the streams studied in Northern Ireland has improved remains to be seen and as a result the environmental success of the current approach remains unqualified.
Conclusions
Measures implemented regionally in Northern Ireland since 1990 have proven highly successful in ameliorating organic pointsource pollution from farms. Impacts on diffuse exports of N and P have differed with more marked and rapid declines in NO 3 reflecting a tighter association with nitrogen application rates and nitrate losses. The extent to which the more limited response of P export is due to legacy effects of soil P is uncertain. If legacy soil P impacts continue to increase due to a continued P surplus, then the timescales of recovery remain uncertain. Assessing the impact of the Nitrates Directive Action plan measures on water quality is difficult as their implementation occurred almost concurrently with increasing fertilizer prices and marked reductions in fertilizer use, but the data presented here showing near universal lowering of nutrients in streams observed since 2000 strongly support the conclusion that regulatory measures have been effective in the short term.
